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Neutron scattering measurements show the ferromagnetic XY pyrochlore Yb2Ti2 07 to display 
strong quasi-two dimensional (2D) spin correlations at low temperature, which give way to long 
range order (LRO) under the application of modest magnetic fields. Rods of scattering along 
< 111 > directions due to these 2D spin correlations imply a magnetic decomposition of the cubic 
pyrochlore system into decoupled kagome planes. A magnetic field of ^ 0.5 T applied along the 
[110] direction induces a transition to a 3D LRO state characterized by long-lived, dispersive spin 
waves. Our measurements map out a complex low temperature- field phase diagram for this exotic 
pyrochlore magnet. 

PACS numbers: 75.25. +z, 75.40.Gb, 75.40.-s, 78.70.Nx 



Magnetic materials displaying the pyrochlore struc- 
ture are of intense current interest due to their varied 
and often unconventional magnetic ground states. In 
such materials the magnetic ions form an array of corner- 
sharing tetrahedra referred to as the pyrochlore lattice, 
which is illustrated in Fig.[l] This lattice is the 3D 
archetype for geometric frustration; magnetic moments 
residing on it cannot simultaneously satisfy all local in- 
teractions due to geometrical constraints, leading to a 
macroscopic degeneracy of the ground state [1 . This 
frustration underlies a range of exotic disordered mag- 
netic states at low temperatures, such as spin liquid, 
spin ice, and spin glass states [2H5]. Many rare-earth- 
titanates with chemical composition i?2Ti2 07 crystal- 
ize as pyrochlores with the cubic space group Fd3m. 
The diverse magnetic behavior of these isostructural in- 
sulators arises from an interplay between the moment 
size, exchange interactions, and single-ion anisotropy 
resulting from crystalline electric field effects. These 
often-competing interactions make these materials fer- 
tile ground for the generation of novel magnetic ground 
states. 

Several model pyrochlore magnets have been well 
studied theoretically, and such studies are important 
benchmarks for understanding the nature of the exotic 
low temperature magnetic states. For example, isotropic 
Heisenberg spins interacting with simple near-neighbor 
antiferromagnetic interactions on the pyrochlore lattice 
possess a disordered spin liquid ground state [6",T. Near- 
neighbour ferromagnetically-coupled spins with hard, lo- 
cal [111] anisotropy, such that magnetic moments point 




FIG. 1: (color online) Left: The cubic pyrochlore lattice, 
showing the positions of magnetic Yb^^ ions. This structure 
can be decomposed into alternating triangular (blue or dark 
atoms) and kagome planes (gold or light atoms), along the 
< 111 > directions. The bonds within the kagome planes are 
shown in red (dark) lines. Right: a view along [111] shows 
the structure of the kagome planes. 

either directly into or out of the individual tetrahedra, 
display the disordered spin ice state at low tempera- 
tures |8]. 

In Yb2Ti207, the effective spin- 1/2 Yb^+ moments 
exhibit overall ferromagnetic (FM) interactions, with a 
Ocw of between +0.49K and +0.75K [9l[l0], as well as 
easy plane anisotropy perpendicular to the local [111] 
direction [11 . Yb2Ti207 is the only known example 
of a ferromagnetic XY pyrochlore, and therefore is an 
important experimental benchmark in the field. Intrigu- 
ingly, one is not immediately lead to suspect that geo- 
metric frustration is central to the low temperature mag- 
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FIG. 2: (color online) a) Color contour maps of elastic neutron 
scattering in the HHL plane. In zero applied field, diffuse 
rods of scattering that extend along the [111] direction are 
visible at 800mK and below. The diffuse scattering in applied 
field (30mK, 2T) is similar to the disordered state (4K, OT). 

b) Cuts of the scattering along the rod direction show the 
evolution of this 2D scattering with temperature and field. 

c) Cuts perpendicular to the rod direction at 500mK, OT, 
and within the field-induced LRO state at 30mK, 2T. 



netic behavior of this material. Unlike the ferromagnetic 
Ising-like case mentioned above, the ferromagnetic XY 
pyrochlore is expected to have a non- degenerate classi- 
cal ground state. Nevertheless, in this Letter we show 
that a disordered state is maintained in Yb2Ti207 to 
temperatures well below both Ocw and the nominal Tc 
for this system. We further demonstrate the ease with 
which a small perturbation, specifically the application 
of a [110] magnetic field, can drive this system to stable 
long range magnetic order (LRO). Both of these phe- 
nomena are hallmarks of geometrical frustration. Emer- 
gent frustration in a quantum system not expected to 
be frustrated classically has previously been discussed in 
relation to other rare-earth- metal titanates [12]. Indeed, 
the spin-liquid state of Tb2Ti2 07 is known to resist LRO 
to temperatures at least three orders of magnitude lower 
than the characteristic Curie- Weiss constant [2] , despite 
being approximated by a classical < 111 > Ising antifer- 
romagnet model with a unique ground state [13]. 

A previous study of Yb2Ti207 has revealed a sharp 
specific heat anomaly near Tc ~ 240mK [14 . Yasui et 



al presented single crystal elastic neutron scattering re- 
sults that indicate simple, collinear FM ordering below 
Tc |15J. However, this type of ordering is inconsistent 
with the results of a polarized neutron scattering study 
p!6l . Additionally, powder neutron diffraction measure- 
ments by Hodges et al indicate no obvious signs of long 
range order below Tc pTl. Using Mossbauer and /iSR 
techniques, this group instead argued that the nature of 
the transition is comparable to that of a gas-liquid sys- 
tem, in that the fluctuation rate of the ~3/iB Yb^+ mo- 
ments drops by up to two orders of magnitude at Tc , but 
does not vanish [H^. Most intriguingly, a single crystal 
neutron diffraction measurement of Yb2Ti207 revealed 
"rods" of diffuse magnetic scattering along the [111] di- 
rection of reciprocal space [17 . These rods indicate an 
unexpected 2D correlated spin state that is present both 
above and below Tc- 

A single crystal of Yb2Ti207 was prepared at McMas- 
ter University using a two-mirror floating zone image 
furnace. It was grown in 4 bars of oxygen, at a rate of 5 
mm/h, and the growth procedure closely resembled that 
reported previously for other rare earth titanates [18]. 
Recently, a single crystal of Y2Ti207 prepared in this 
manner has been shown to have an exceptionally long 
phonon mean- free-path (10/im at 2K), indicative of the 
very high quality of these crystals [l^!. The ~7 gram sin- 
gle crystal of Yb2Ti2 07 was mounted in a vertical field 
dilution refrigerator cryomagnet with its (HHL) plane 
coincident with the horizontal plane. Time-of- flight neu- 
tron scattering measurements were performed using the 
Disk Chopper Spectrometer at the NIST Center for Neu- 
tron Research [20]. Measurements were performed using 
5 A incident neutrons, allowing us to map out the pat- 
tern of diffuse scattering in the (HHL) plane as a function 
of temperature and magnetic field, as well as to inves- 
tigate inelastic scattering with an approximate energy 
resolution of ~ 0.09 meV. 

In zero magnetic field, elastic scattering at low tem- 
peratures within the (HHL) plane confirms the presence 
of rods of magnetic diffuse scattering along the [111] di- 
rection (Fig.|2^), indicating 2D magnetic correlations in 
planes perpendicular to this direction. The rods are 
visible at SOOmK and become more clearly defined as 
the temperature is lowered to 200mK. At the lowest 
measured temperature, 30mK, the diffuse scattering re- 
mains extended along [111], but intensity has accumu- 
lated around the (111) Bragg peak (Fig.[2]3). This indi- 
cates that 3D interplane correlations have developed at 
30mK, although these are short range. 

The 3D cubic pyrochlore lattice can be naturally de- 
composed along < 111 > into interleaved kagome and 
triangular planes, and we argue that the 2D spin cor- 
relations form within the kagome planes (Fig.jl]). This 
is in view of the fact that the exchange interactions are 
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FIG. 3: (color online) Color contour maps of the inelastic neutron scattering along the [HHH] direction. The data is binned 
in [H,H,-2H] over the range [-0.1,0.1]. Panel a) is a schematic of the nuclear zones in the HHL plane, and the blue line shows 
the direction of the cut in the inelastic panels. Panels b) through d) show the absence of well defined spin excitations in low 
field, even at 30mK (panel c and d). Resolution-limited spin waves appear at all wavevectors upon application of a magnetic 
field greater than ~ 0.5T (panels e through h), indicating a LRO state. 
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expected to be stronger between moments within the 
kagome rather than the triangular planes, due to their 
1st, rather than 3rd near- neighbor separation. The ques- 
tion of what prevents the correlations from extending 
between the kagome planes is puzzling in light of the 
underlying cubic symmetry of the lattice, which requires 
that the interactions between each neighboring spin be 
equivalent. Nonetheless, we conclude that only three of 
four spins per tetrahedron are correlated to a significant 
degree above ~ 200mK. 

This recalls the frustrated antiferromagnetic spinel 
Li2Mn204, whose magnetic pyrochlore sublattice also 
decouples into kagome planes at a range of temperatures 
above the Neel temperature [2TJ [22]. However, in the 
case of Li2Mn2 04 the lattice is known to be tetragonally 
distorted, whereas no evidence for a departure from cu- 
bic symmetry has been reported for Yb2Ti2 07. We note 
that the diffuse rods of magnetic scattering in Yb2Ti207 
appear along all measured < 111 > directions, consistent 
with either a spatially (domain) or temporally averaged 
magnetic structure. Temporal fluctuations would require 
the rods be dynamic in nature, as will be shown to be 
the case. 

Related to modifications of the rods of diffuse scat- 
tering upon cooling from 500mK to 30mK, we observe 
a small increase ('^3%) in the total intensity of the 
(111) Bragg peak, in qualitative agreement with earlier 
studies[15j [16]. This increase does not correspond to 
a fully ordered state; rather, it results from the diffuse 
rods of scattering coalescing around Bragg peaks, an ef- 
fect that is illustrated by cuts along the rods, shown in 
Fig. 2b). A similar broad feature is observed at (113), 
producing a ~2% increase in intensity at this peak. The 
observed increase of scattering near the base of these 
Bragg peaks at 30mK indicates a developing short range 
ordered 3D magnetic state. Aside from the increase of 
diffuse scattering at (111) and (113), no other changes 
in Bragg intensities were observed upon cooling from 
500mK, measured out to Q = 2.34 A~^. This is in dis- 
agreement with the increase in (222) Bragg scattering 
on cooling from 300mK reported by Yasui et al , and we 



note that like the polarized neutron work \W , our result 
is inconsistent with the LRO simple collinear FM state 
proposed therein [15 . 

Application of even a weak magnetic field along [lIO] 
dramatically alters the low temperature magnetic state. 
Strikingly, sharp spin waves are evident at all wavevec- 
tors in the inelastic neutron scattering (INS) spectrum 
for magnetic fields as low as 0.75T (Fig.?? f). Mean- 
while, the diffuse rods of scattering are eliminated. 
These results demonstrate that a magnetic LRO state is 
induced by the application of a [110] magnetic field. Such 
perturbation-induced order is also observed in other 
magnetic pyrochlore systems; Tb2Ti207 can be driven 
from a spin liquid to a LRO state upon application of a 
[110] magnetic field [23 , as well as as by combinations 
of uniaxial and hydrostatic pressure and magnetic fields 
[241 [25]. 

The evolution of the inelastic scattering with the [110] 
applied field is shown in Fig. ??. The spectrum is dis- 
played along [HHH], which coincides with the direction 
of the rods in the low temperature, low field state. At 
/ioH=OT, T=4K (panel b), diffuse, quasi-elastic (QE) 
scattering extends in energy to 0.6meV. The QE scat- 
tering is most intense along the rod direction, indicating 
that weak, dynamic rods are present at 4K in zero field. 
On cooling to 30mK, the intensity of the QE scattering 
increases, but its energy scale remains constant. The cor- 
responding fluctuation rate, ~ 145 GHz, is much higher 
than that reported by Hodges et al in their /iSR study 
[11 . It also shows no temperature dependence in con- 
trast to the first order-like transition they reported. The 
differences between this and the present study suggest 
two energy scales characterizing the spin fluctuations, 
which are accessible individually by the /iSR and INS 
techniques. The energy scale reported here is exclusive 
to the rods of scattering, and hence to the short range 
correlations. 

Notably, no spin wave modes appear in the low 
temperature zero-field state, which is consistent with 
short ranged, 3D correlations, as opposed to a LRO 
state which would support spin wave excitations. At 
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FIG. 4: (color online) a) Phase diagram for Yb2Ti207. At 
30mK, the transition to LRO is indicated near 0.5T (inset), 
which is evinced by inelastic neutron data at points III and 
IV (shown in Fig. ??c and e). b) Changes in elastic Bragg 
scattering as a function of field at 30mK. c) and d) Inelastic 
neutron scattering data at points I and II confirm the phase 
boundary, which is measured from magnetization data (panel 
e) above T=2K. 



/ioH=0.25T, T=30mK, the QE rod of scattering lifts off 
from the elastic channel, and at /ioH=0.5T a dispersion 
of this excitation into spin wave modes is observed (panel 
d and e). In stronger applied fields, the spin waves are 
increasingly gapped by the Zeeman energy and become 
nearly resolution-limited, having a full width of approxi- 
mately O.lmeV at 2T, 30mK (panel g). Three spin wave 
branches are observed in this field-induced state; one 
with little or no dispersion while the other two exhibit 
minima tending to zero energy (i.e. Goldstone modes) at 
the (111) and (222) positions. We argue that these dis- 
persive modes are indicative of a LRO state on the basis 
that they are resolution-limited at all wave vectors, par- 
ticularly at the magnetic zone centers where this quality 
indicates a large correlation length to the long wave- 
length dynamics. The presence of two types of branches, 
one dispersionless and the other Goldstone-like, may be 
associated with fluctuations out-of and within the easy 
XY plane, respectively. Indeed, a related spin wave spec- 
trum is observed for the XY AF pyrochlore Er2Ti207 
[26 . In Yb2Ti2 07, the magnetic zones are well-defined 
and coincident with the nuclear zones, as indicated by 
clear gapping of the dispersive branches at the nuclear 
zone boundaries. We therefore identify /ioH~0.5T at 
T=30mK as a transition to a long ranged ordered mag- 
netic state, and note that the coincidence of magnetic 
and nuclear Bragg peaks presents a challenge for the de- 
termination of the LRO structure. 

Taking well-defined spin waves at all wavevectors as 



a defining characteristic of the field-induced LRO state, 
we propose the phase diagram for Yb2Ti207 shown in 
Fig. [4^). To further characterize the phase diagram, 
magnetization measurements were performed on a small 
single crystal of Yb2Ti207 using a SQUID magnetome- 
ter with the field aligned along [110]. A minimum is 
observed in dM/dT(T), which we have mapped as a 
function of field (Fig. [4^) for temperatures of 2K and 
above. The resulting phase boundary is consistent with 
our spin wave measurements, in particular with the spin 
wave spectrum at points I and II, shown in Fig.|4]3) and 
d), which are characteristic of the LRO state and nearly 
paramagnetic state, respectively. 

The changes in the elastic Bragg scattering with field 
at T=30mK, shown in Fig.|4]3), merit comment. Sub- 
traction of nuclear Bragg intensities (from the 2K, OT 
set) reveals that the change in (222) intensity as the field 
is increased past He, while a robust result, is anomalous 
since the intensity falls below the purely nuclear scat- 
tering level. This could indicate a magnetically driven 
structural distortion of the lattice, which necessarily hin- 
ders the determination of the magnetic structure based 
on these intensity changes. 

In conclusion, Yb2Ti2 07 exhibits spontaneous 2D cor- 
relations at low temperature, which emerge via unknown 
mechanisms from a seemingly isotropic cubic lattice. 
The previously reported transition in fluctuation rate at 
~240mK involves a crossover from this 2D correlated 
state to a short-ranged 3D correlated state. Applica- 
tion of a small magnetic field relieves the frustration 
and induces long range magnetic order. Upon entering 
the ordered state, anomalous changes in Bragg scatter- 
ing indicate the possibility of magneto-elastic coupling in 
Yb2Ti207, which may ultimately underlie the emergent 
planar spin correlations in zero field. 
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